Supplementary Figure 3 -Test of the gel linearity. Plots of the fluorescence intensity profiles, i F , vs. the electrophoretic mobility, R f , for gels with 7.5% (a), 10% (c) and 15% (e) polyacrylamide concentration. Plots of the logarithm of the degree of polymerization, ln(n), vs. the electrophoretic mobility, R f for gels at 7.5% (b), 10% (d) and 15% (f) polyacrylamide concentration. Linear fits (dashed lines) allow determining the ranges of linear separation for each gel (shaded regions) for which the lower and higher degrees of polymerization are reported. 
Supplementary Figure 8 -Plot of reaction yield vs. reaction time (h).
Dashed line is a guide for the eye. After 24 h the growth of the reaction yield shows a slowing down due to EDC consumption and hydrolysis.
Supplementary Figure 9 -Melting of LC domains coexisting with an isotropic PEG-rich phase. c PEG = 400 g/l. Polarized light microscopy images were taken with perpendicular (top pictures) and parallel polarizers (bottom pictures). As T is increased, the optical pattern and color of the LC domains change only slightly up to T = 65 ºC. As T > T MELT (65 ºC < T MELT < 70 ºC) no birefringence is detected in the regions marked by dashed red circles, However, parallel polarizer pictures reveal that a DNA-rich (isotropic) phase and a PEG-rich phase are still distinct and coexisting. 
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Supplementary Note 1
EDC condensation reaction
One of the most efficient methods for chemical linkage of oligonucleotides, via 5' -3' phosphodiester bond, is condensation with carbodiimides like water-soluble 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, EDC (purchased from Sigma).
In the presence of nucleic acids ( Supplementary Fig. 1 ), EDC efficiently reacts with a terminal alkyl phosphate forming an intermediate complex, that can strongly react with a nucleophile, like a primary amine (-NH 2 ), to form a phosphoramidate bond, or with an hydroxyl (-OH), to form a phosphodiester bond. In aqueous solution the reaction has to compete with hydrolysis by water, forming isourea as side-product, and restoring the original phosphate group. Therefore this competition mostly affects hydroxyls, whose nucleophilicity is closer to the one of water oxygen atoms: the target molecule would have comparable reactivity to that of any free OH of the aqueous environment. HEPES buffer 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Sigma) is an appropriate buffer for these experiments because it has no primary amine groups that can react with EDC activated phosphates. In accordance with previous experiments of this kind 5, 6, 7 , HEPES buffer is used at pH 7.5 and at concentrations between 0.01 M and 0.3 M.
Supplementary Note 2
Ligation reaction in DNA LCs
Since LC formation in DNA duplex-forming oligomers is a delicate process resulting from a cooperation of end-to-end stacking and mutual alignment of the stacked columns, the presence of other molecular species may well disrupt this process, either interfering with the aggregation, or disturbing the orientational alignment of the columns. Thus, it is hard to predict if EDC and HEPES were compatible with DNA LCs, or if they would destabilize the spontaneous ordering of the oligomers. HEPES buffer contains sodium hydroxide. The extracted Na+ ions concentration is 1.375 mM and 41.25 mM in our reaction conditions. Salt, even in case of monovalent cations, is known to influence the structure of the DNA helix and to shield electrostatic interaction 8 . Even if a complete description of salt influence on liquid crystallization of short DNA oligomers is still missing, experimental evidence indicates that salt effects start to be relevant only when the concentrations of added monovalent ions becomes larger than the one of the dissociated DNA counterions. EDC concentration is critical for this reaction since it regulates the number of reactive species in solution. Increasing EDC concentration would thus increase the possibility to activate a monomer, which would in turn increase the reaction efficiency and the polymerization yield. However, we observed that the solubility of EDC in the LC phases is limited to molar ratios R = [EDC]/[D1p] < 3, a condition not granting enough supply of EDC to enable significant polymerization. Moreover urea, a reaction by-product, is a powerful DNA denaturant, with the potential to affect duplex stability. To bypass this limitation we performed ligation experiments in aqueous mixtures of DNA oligomers, EDC and polyethylene glycol PEG, MW = 8 kDa (Fluka). As described in the main text, the mixture spontaneously segregates DNA in LC domains surrounded by an isotropic fluid acting as a reservoir of EDC and a sink for isourea.
Supplementary Note 3
Flory theory for polymerization
Flory's theory for the condensation of linear chains offers a simple theoretical tool to describe the molecular size distribution of polymers formed by the inter-molecular reaction of bifunctional compound 9 . Here we summarize the results of the Flory model in the case in which all monomer terminals are active. The assumption of this model are: i) the chemical process does not change at any step of the reaction; ii) the reactivity of the terminals is independent of the size of polymer; iii) if the reverse reaction occurs it has the same reactivity of the linking reaction; iv) the formation of cyclic compound in negligible. The approximations due to these assumptions should mostly affect the range of low molecular weights products, becoming less significant in the range of high molecular weights polymers. A reactant building block molecule is defined as a "segment" and the term n-mer will denote a polymer composed of n monomers. N 0 is the total number of segments. N is the number of unreacted monomers at the time at which reaction is stopped. Thus N 0 -N is the number of reacted monomers. p is the extent of reaction (or reaction yield), i.e. the fraction of the total number of reacted monomers p = (N 0 -N)/ N 0 , from which it follows that N 0 = N(1 -p) -1 . The probability for the formation of an n-mer is:
Since each n-mer exist in n configurations, it follows that the probability for the formation of any of the n configurations is:
P(n) is the fraction of monomers that are part of n-mers over the total number of monomers and therefore it is the Weight Fraction Distribution (WFD) (see Supplementary Fig. 5 .a). In view of our analysis of the data, it is also useful to calculate the Cumulative Weight Fraction Distribution (CWFD) (see Supplementary Fig. 5.b) , the fraction of weight of the polymers with length ≤ n:
Accordingly, C(1) is the weight fraction of the monomers and C(n) = i, where 0 < i < 1, gives the maximum lenght of the polymers that are in the ix100-th percentile. For example, for p = 0.6 the fraction of monomers is ~ 0.16 and the 60% of the products are polymers with n < 4, while for p = 0.9 the monomers fraction is ~ 0.01 and the 60% of the products weight is given by polymers with n < 20.
Supplementary Note 4
Reaction time
To properly design the ligation experiments, we performed tests aimed at determining the reaction time. We thus studied the ligation product obtained in D1p/EDC solution in isotropic phase at room temperature with [EDC]/[DNA] = 3 and stopping the reaction after different times: 20 min, 2 h, 8 h, 24 h, 48 h. Supplementary Fig. 8 shows the reaction yields obtained after the various reaction times. The measurement after 20 minutes does not show the formation of any strand longer than the monomer, confirming the fact that no significant ligation takes place during the preparation of the samples (hydrating, mixing, closing the cells, sealing, thermalizing) that inevitably takes some minutes to be completed. As the reaction times is increased from 2 to 24 hours the reaction yield also grows, with a tendency of slowing down and saturating after 24 h. This result agrees with observation for similar watersoluble carbodiimide condensation reactions reported in literature 5, 6 . The arrest of the reaction is mainly due to the consumption of EDC consumption and to its degradation due to hydrolysis.
These tests led us to adopt a reaction time of 24 h for the experiments reported in the main text.
Supplementary Note 5
Dependence on DNA concentration
In the main text we describe how oligomer ligation is boosted by both DNA condensation and LC formation. As an additional element indicating the importance of LC ordering, we investigated the dependence of the reaction yield on DNA concentration. Reactions with increasing D1p concentrations were performed at R = 50. The concentration scale we explored is c D1p = 1, 5, 10, 50 mM. We kept DNA concentration c DNA < c LC ≈ 85 mM because of the impossibility of dissolving such amount of EDC into LC phases. Thus this set of test are all in the isotropic phase. As expected, increasingly longer products appear as the concentration is increased (Supplementary Fig. 11a ). The corresponding product distribution and reaction yieldsobtained via comparison with the Flory model are shown in Supplementary Fig. 11b . ) Yield grows from p = 0.02 (c D1p = 1 mM) to p = 0.27 (c D1p = 50 mM). New insight can be gained by comparing the outcome of the reaction in the concentration scale with that obtained in phase separated D1p/PEG mixtures, with D1p-rich domains coexisting with a PEG-rich isotropic phase mixtures (see main text). Both reaction yield and mean degree of polymerization obtained in isotropic D1p droplet in D1p/PEG mixtures (these experiments required raising the temperature at T = 65 ºC) match the values expected by extrapolating the linear c DNA dependence observed in the concentration scale (see Supplementary Fig. 12 ). On the contrary, all values of p and 〈n〉 obtained in D1p LC domains (either at T = 65 ºC or at T = 25 ºC) are larger than expected from the concentration scale data on the basis of DNA concentration increase. In particular, the values of 〈n〉 are more than twofold larger than those expected in isotropic phase. Thus, the increment of c DNA associated to the LC formation is only a minor part in the marked increase in ligation efficiency, which is instead mainly due to the LC ordering that provides continuous physical contact between reacting terminals.
Supplementary Note 6
Ligation experiments performed with R = 10
Since EDC is the phosphate activator and thus the reaction starter, its abundance is critical for phosphate activation and thus for reaction to take place and to continue during time. Data in the main text were obtained from experiment with R = 50. At low EDC concentration, R = 1 or R = 3, the reaction is very ineffective, leading to p lower than 0.15 and 0.3, respectively (data not shown). We report here the ligation results obtained in D1p/PEG/EDC mixtures for R = 10. Gel electrophoresis (Supplementary Fig. 13a ) and relative products weight fraction distributions ( Supplementary Fig. 13b ) show that at this EDC concentration the ligation is already rather efficient. As in the case of R = 50, when c PEG > 300 g/l, LC domains form, bringing about a step-type increase of product length. For c PEG = 400 g/l we obtain chains up to 144 bases long (12 time the initial length) and a reaction yield p = 0.5. The values of p and 〈n〉 obtained for R = 10 are significant but smaller than those obtained for R = 50.
Supplementary Note 7
Phase coexistence
The spontaneous formation of micro-reactors via phase separation is one of the crucial features of the results presented in the main text. Phase coexistence has been studied and characterized in various mixtures involving DNA oligomers that we summarize in the Supplementary Table 1 . The experimental methods used to detect the partitioning of the DNA oligomers between the two species are:
-measurement of the optical birefringence n, an unequivocal sign of long range ordering of the nucleobases; -measurement of the fluorescence emission I F of either a base intercalator enabling detecting hybridized oligomers (such as ethidium bromide or EvaGreen) or a fluorescent group at the sequence terminal (in this case preventing end-to-end aggregation) or as a side chain; -measurement of the volume fraction  filled by each of the phases and its dependence on the mutual concentration in the mixtures
The results, summarized in Supplementary Table 1 , are here complemented with a new observations of phase separation: ISO-ISO phase separation between PEG and duplexforming DNA with terminals preventing end-to-end aggregation (D2TTp). This is the case presented in Figure 3 of the main text, panel a, in which the nature of the phase is revealed by the fluorescent emission of EvaGreen, larger where the concentration of DNA is larger. Figure 4 of the main text shows a condition where the mixture between D1p, D2TTp, and PEG leads to a three-phase coexistence. This condition is produced by a cascade of two-phase separations listed above: first the ISO-ISO phase separation between a PEG-rich phase and a DNA duplexes-rich phase (containing both D1p and D2TTp); second, a ISO-LC phase separation between D2TTp and D1p. The fact that the second phase transition takes place within the DNA-rich droplet after it was already separated from the PEG-rich ISO phase, appears from the continuous and smooth interface with the PEG-rich phase that enclose both the DNA ISO and the DNA LC domains. This situation bears strong analogies with what observed in PEG-assisted crystallization of proteins: first an ISO-ISO phase separation occurs, leading to a local increase of protein concentration and to conditions favoring crystallization. Only after protein crystals develop inside the protein-rich ISO phase 10 .
Supplementary Methods
Gel preparation and optimization of the polyacrylamide concentration
A vertical polyacrylamide gel electrophoresis apparatus (Biorad Protean II) was used for oligomers size separation. 5 μg of previously dried DNA were rehydrated with 10 μl of formamide and 3 μl of gel loading solution (30% glycerol, 0.025% bromophenol blue, 0.25% xylene cyanol, water), loaded onto denaturing polyacrylamide gel (0.75 -1.5 mm thick), 7M urea, TBE buffer, acrylamide:bisacrylamide 37.5:1, and run for 1 -4 h at 30 V/cm voltage. Gels were stained for 20 min in 0.5 μg/ml EtBr in TBE buffer. Gels were viewed on UV-vis transilluminator and images acquired with Typhoon-9200 Phosphor Imager (Amersham Pharmacia Biotech). Different polyacrylamide concentrations (7.5%, 10% and 15%) were tested in order to obtain the best gel resolution for the sizes of the samples to be analyzed. In Supplementary Fig. 2 we show runs of the same DNA samples described in the main text (D1p/PEG/EDC mixtures), in gels of different polyacrylamide concentrations. The ladder is the same for each gel and it is composed of DNA oligomers synthesized with repetitions of the D1p 12 mer sequence (12 mer 5'-CGCGAATTCGCG-3', 24 mer 5'-CGCGAATTCGCGCGCGAATTCGCG-3', 36 mer 5'-CGCGAATTCGCGCGCGAATTCGCGCGCGAATTCGCG-3' and 48 mer 5'-CGCGAATTCGCGCGCGAATTCGCGCGCGAATTCGCGCGCGAATTCGCG-3' from Biomers), differing only for the lack of the 3' phosphate terminus. This causes ladder bands to have a slightly lower electrophoretic mobility in comparison to the bands of ligation products of the experiments. Nevertheless for short DNA lengths (12 -48 bases) unambiguous determination of the product sizes is allowed by comparison with the ladder. Longer strands have been identified simply by counting the number of the bands, since the products are expected to be only multiples of the initial length. It is immediately noticeable that upon increasing polyacrylamide concentration the gel sensitivity shifts towards the region of shorter DNA lengths, allowing best resolution of the monomers at the concentration of 15%. On the other hand, low concentration gels (7.5% and 10% polyacrylamide) offer better band separation for longer DNA. This is apparent in Supplementary Fig. 3 , where we plot the EtBr fluorescence intensity profiles for the c PEG = 400 g/l lanes in Supplementary Fig. 2 . We generally adopted 15% polyacrylamide gel for the analysis of the reaction products presented here and in the main text, because it ensures good resolution of the low molecular weight products, that is fundamental to carry on the densitometry analysis of the extracted fluorescence profiles (see following sections). In Supplementary Fig. 3 (right hand-side panels) we also plot ln(n), the natural logarithm of the degree of polymerization, vs. R f , the electrophoretic mobility, which in the gels is proportional to the position along the lane measured as a distance from the insertion spot 11 . We selected ranges in the lanes in which the peaks relative to the bands are clearly identifiable and in which the linear dependence of ln(n) on R f is confirmed (shaded regions), to determine the slope of such linear response. The same approach was adopted in the case of the agarose gel. In Supplementary Fig. 4 we show that the linear dependence of ln(n) on R f is very well confirmed for all the peaks that are clearly identifiable in the intensity profile (shown in Figure 2b of the main text). In the analysis of the gel profiles, we assume that the linear relation holds even for products with higher molecular weight than those in the shaded regions. For our purposes this assumption appears acceptable, especially since the approximation it conveys leads to an underestimation of the molecular weight of the chains produced by the ligation reaction.
Analysis of the intensity profiles of the gels
Gray scale 16-bit images of the gels were processed with MacBiophotonics ImageJ software. Brightness adjustments were made in order to maximize the signal to background ratio, avoiding saturation of the image. The intensity profile of each lane was extracted by averaging on rectangular areas covering the full width of the gel lane. The profile analysis was performed by a Matlab program as it follows: 1) Fluorescence intensity profiles i F (x) are acquired, where x is the pixel position on the image. x = 0 is located on the peak corresponding to the unreacted monomers, with positive values in the direction of larger products (toward the entrance spot of the gel). 2) Having checked that the background intensity (measured along the interstitial spaces between the lanes) is uniform, we could correct for the background by simply subtracting for such a constant value. Example of the intensity profile thus obtained are shown in Supplementary Fig. 6a and 7a. 3) By assuming the linear dependence of the electrophoretic mobility on the logarithm of the strand length (see the shaded region of Supplementary Fig. 3 ) to be valid in the whole gel, we could rescale the x axis into an axis indicating the degree of polymerization n. Accordingly, for each profile the program identified the positions x peaks of the intensity peaks that could be well defined (red dots in Supplementary Fig. 6a and 7a) . ln(n peak ), where n peak is the peak order, was plotted against x peaks and fitted with a linear function ( Supplementary Fig. 6 and 7b) used to convert the abscissae axes into the scale of the degree of polymerization i F (n) (blue line in Supplementary Fig. 6c and 7c) , where the variable n is considered continuous. 4) By virtue of the interactions of EtBr with the nucleobases, this intensity in the gel bands is proportional to the total mass of nucleic acids that they contain and should thus be compared with the weight fraction distributions introduced before. To this aim we first calculated the integral of the fluorescence intensity (red dashed lane in Supplementary Fig. 6c and 7c ): which represent the mass of the products up to n. To obtain discretized quantities that can be compared to P(n) and C(n), we segmented the integration and calculate
(Supplementary Equation 5)
which we plot as symbols in Figures Supplementary Fig. 5d and 6d. We also calculate
(Supplementary Equation 6)
shown by symbols in Supplementary Fig. 6e and Supplementary Fig. 6e . 5) The experimental P(n) and C(n) can be fitted with the corresponding functions from the Flory model (red dashed lines in Supplementary Fig. 6d and 7d, 6e and 7e, from Supplementary Equations 2 and 3, respectively) to obtain the reaction yield p. 6) Average degrees of polymerization 〈n〉 can also be directly extracted from the data as: 
